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ABSTRACT 


This  paper  was  prepared  for  the  forthcoming  Discussion  of  the  Faraday  Society 
on  fast  reactions  (Birmingham,  April  1954) . 

Various  kinetic  and  catalytic  processes  in  voltammetry  at  constant  current  are 
treated,  and  theoretical  and  experimental  methods  for  the  determination  of  rate 
constants  are  presented.  The  conditions  under  which  the  method  can  be  applied  are 
examined,  and  potentialities  of  the  constant  current  method  in  chemical  kinetics 
are  compared  with  those  of  polarography. 


The  study  of  electrode  processes  in  whicn  electron  transfer  is  coupled  with 
a chemical  reaction  enables  one  to  study  the  kinetics  of  certain  reactions.  Such 
studies  can  be  made  by  a variety  of  methods  in  which  either  the  electrode  potential 
or  the  electrolysis  current  is  controlled.  This  paper  deals  with  the  latter  type 
of  method  for  the  particular  case  in  which  the  following  conditions  are  fulfilled: 
(1)  The  current  is  kept  constant  during  electrolysis.;  (2)  The  solution  is  unstirred 
and  linear  diffusion  is  the  sole  mode  of  mass  transfer,  e.g.  migration  and  convec- 
tion can  be  neglected;  a large  excess  of  supporting  electrolyte  is  present  and  the 
duration  of  electrolysis  is  relatively  short  - one  minute  or  less.  This  method, 
which  we  shall  refer  to  as  "voltammetry  at  constant  current,"  has  seldom  been 
applied  aitnougjb  it  is  one  of  the  oldest  electrochemical  methods.  Its  origin  can 
be  traced  to  the  work  of  Weber1 (1879),  but  it  is  only  about  1900  that  application 
was  made  by  Sand2,  Cottrell3,  and  Karaoglarsoff*,  in  the  determination  of  diffu- 
sion coefficients.  The  method  was  applied  more  recently  by  various  authors5* 6 in 
the  study  of  electrode  processes.  Theoretical  and  experimental  contributions  have 
been  made  by  the  writer  and  co-workere7” * * . 


The  following  types  of  process  will  be  considered: 


Z , ■ ' O + ne,  = R 
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(2), 


(3), 


where  0 and  R symbolize  the  substances  involved  In  the  electron  transfer  the  Ic's 
are  rate  constants;  and  Z is  a soluble  substance  which  is  not  reduced  or  oxidized 
directly.  It  will  be  assumed  that  substance  R in  processes  (1)  and  (2)  is  soluble 
either  in  solution  or  in  mercury  in  the  deposition  of  an  amalgam  forming  metal. 
Substance  R in  process  (3)  is  soluble  in  solution.  Substance  0 is  supposed  to  be 
soluble.  Furthermore,  chemical  reactions  in  processes  (1)  to  (3)  are  assumed  to  be 
of  the  first  order.  Only  cathodic  processes  will  be  considered,  since  the  trans- 
position to  anodic  processes  is  trivial. 

The  simple  case,  represented  by  the  equation 
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and  in  which  there  is  no  coupled  chemical  reaction,  will  be  briefly  considered  to 
render  the  discussion  of  more  intricate  cases  intelligible. 


PROCESSES  WITH  DIFFUSION  CONTROL 


Because  of  the  electrolytic  reduction  of  substance  0 , there  is  progressive 
depletion  of  this  substance  at  the  electrode  surface.  The  variations  of  the  con- 
centration Cq  can  be  determined  by  solving  Pick's  equation  for  linear  diffusion  for 
suitable  boundary  and  initial  conditions.  Since  the  electrolysis  current  is  con- 
stant, the  flux  of  substance  0 at  the  electrode  surface  is  constant.  Renee 
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where  x is  the  distance  from  the  electrode,  cq  the  concentration  of  substance  0, 
i0  the  current  density  at  the  electrode,  n the  number  of  electrons  in  the  electrode 
process,  F the  faraday.  end  Dn  the  diffusion  coefficient  of  substance  0.  Condition 
(5)  holds  for  any  value  of  the  time  t larger  than  sero  (t,  time  elapsed  since  the 
beginning  of  electrolysis).  The  initial  condition  is  cQ  - c*,  where  c*  is  the  bulk 
concentration  of  substance  0,  it  being  assumed  that  there  is  no  gradient  of  concen- 
tration before  electrolysis.  Finally,  one  has  Cq  > c*  for  x — cc  * The 

solution  of  this  boundary  value  problem  for  x - 0 is 
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It  is  seen  iron  equation  (6)  that  the  concentration  cq  decreases  during  elec- 
trolysis. it  the  transition  time  k,  , defined  by 
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the  concentration  ^CQj  is  equal  to  zero.  The  potential  of  the  electrode,  on  which  0 


is  reduced,  varies  then  toward  more  cathodic  values  until  a process  other  than  the 


4 


reduction  of  substance  0 occurs.  This  new  process  may  be*  for  example , the  reduc- 
tion of  the  supporting  electrolyte.  The  value  of  potential  during  electrolysis  is 
obtained  by  introducing  the  concentrations  of  substances  0 and  B in  the  suitable 
fonaula  for  the  electrode  potential.  This  can  be  done  for  so-called  reversible 
and  irreversible  processes.  Only  reversible  processes  for  which  substance  B is 
soluble  will  be  considered  hero;  for  irreversible  processes  see  ref. 7.  . 

By  solving  Pick's  equation  for  cR  one  obtains 


A ^ 


(«) 


for  the  case  in  which  c^  is  equal  to  zero  before  electrolysis.  The  concentrations 
Cq  and  c^  may  now  be  introduced  in  the  Nernst  equation,  and  this  yields  the  follow- 
ing equation  for  the  potential -time  curve* : 


where  S*  is  the  standard  potential  for  equilibrium  (4).  and  the  f 1 s are  activity 
coefficients.  It  follows  from  (9)  that  the  potential  B , is  reached  at  one 

v/ 

fourth  of  the  transition  time. 

An  experimental  potential-time,  which  essentially  obeys  equation  (9)>  is 
shown  in  Fig.l.  The  transition  time  is  represented  by  the  segment  AB.  The  seg- 
ments on  the  right  and  left  sides  should  be  virtually  vertical  according  to  equa- 
tion (9).  However,  this  is  not  the  case,  because  of  the  distortion  resulting  from 
the  charging  of  the  double  layer.  This  effect,  which  is  rather  minor,  need  not  be 
considered  any  further  here. 


The  study  of  potential-time  curves  is  very  fruitful  in  electrochemical  kinetics, 
and  the  determination  of  transition  times  may  be  used  to  analytical  purposes. 

However,  these  applications  of  voltammetry  at  constant  current  are  beyond  the  scope 
of  this  paper. 


ELECTRON  TRANSFER  PRECEDED  BT  A FIRST  ORDER  CHEMICAL 

REACTION 


The  transition  time  for  process  (2)  is  determined  by  the  condition  (cq)jc^>* 
The  concentration  of  substance  0 is  controlled  by  the  rate  of  diffusion  of  this 
substance  and  by  the  kinetics  of  the  transformation  Z v 0,  Hence,  kinetic 
terms  must  be  introduced  in  Fisk’s  aquation,  which  then  becomes 
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where  the  k!  s are  formal  rate  constants.  Likewise, 


The  boundary  condition  for  substance  C is  tho  same  as  in  the  case  of  simple 
diffusion  (equation  5).  The  boundary  condition  for  Z^  ( ^ c2  / x)^  - 0, 

expresses  that  Z is  not  reduced  at  the  electrode  surface  (see  introduction). 

Initial  conditions  art:  e£  / c£  ■ K and  eg  * *z  ” c%  wb«*®  E is  the  equilibrium 
constant  for  the  transformation  Z 0 and  c*  is  the  sum  of  ths  bulk  concentra- 
tions of  0 and  Z,  Finally,  one  has  c_f/  c„  ♦ X and  c_  * e — *c*  for 

w'  a v 2 

X ^ 00  , 

By  solving  this  boundary  value  problems  and  by  expressing  that  (cq)x»0  i® 
equal  to  zero  at  tbs  transition  time,  one  obtains7 


(13), 
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where  "erf"  symbolises  the  error  function^  f , is  the  transition  time}  and  D is 

k 

the  ooamon  value  of  the  diffusion  coefficients  Dq  and  DR,  which  are  aabuued  to  be 
equal. 

The  error  function  in  equation  (13)  is  virtually  equal  tc  unity  when  the  argu- 
ment- (kf  ♦ k^)1/2  xiL  is  larger  than  2.  Under  these  conditions  the  produce  io 
/ ^ 

C 2 decreases  linearly  when  ths  current  density  is  increased.  The  limiting 

. U / 

value  of  iQ  for  i0  • 0 is  simply  the  quantity  iQ  ' 2 (see  equation  7) 

which  corresponds  to  a process  purely  controlled  by  diffusion.  The  product 

K(kf  ♦ k^) 1 ^2  is  readily  computed  from  the  slope  of  the  experimentally  determined 
i/a 


1/2 


line  Iq  ' vs.  i0.  The  rate  constants  and  can  then  be  calculated  pro- 
vided that  the  equilibrium  constant  K is  known.  Example  of  diagrams  i 'c  ' 

* ° k 

vs.  i0  will  be  presented  below. 


ELECTRON  TRANSFER  FOLLOWED  BY  A FIRST  ORDER 
CHEMICAL  REACTION 


The  transition  time  for  process  (2)  is  not  influenced  by  the  transformation 
R > Z.  However,  the  position  of  ths  potential- time  curve  in  the  scale  of 
potentials  depends  on  the  kinetics  of  the  chemical  transformation  R r — > Z in  the 
case  of  a reversible  electrochemical  reaction.  The  potential  can  be  calculated 
by  the  Nernet  equation  provided  that  the  concentration^ (cq)^^  and  (cg)x«0  are 
known.  The  former  is  given  by  equation  (6),  and  the  letter  is  calculated  as 
follows. 

The  functions  c,»  and  c^  obey  Fick'e  equation  to  which  kinetic  terms  are 
added.  A first  boundary  condition  is  obtained  by  expressing  that  the  sum  of  the 


fluxes  of  substances  0 and  & at  the  electrode  surface  is  equal  to  zero.  In  view  of 
equation  (5),  this  condition  is  ( *c)  Cjj  / c)  x)^^  “ -io  / n F D,  D being  the 
coanon  value  of  the  diffusion  coefficients  Dq  and  which  are  assumed  to  be  equal. 
The  second  boundary  condition  is  written  by  noting  that  substance  Z is  not  reduced 
or  oxidized  cl  sc  tro  lytic  ally  £ Hence,  ( ^ °z  / ^ As  initial  conditions 

one  can  prescribe  c„  = c^  - 0 for  t ■ 0.  As  usual,  the  functions  and  c^  are 

bounded  for  large  values  of  x,  and  one  has  c^ >0  and  c >0  for  x *oo. 

The  solution  of  this  boundary  value  problem10  leads  to  the  following  equation  of  the 
potential-time  curve 


with 


/ * K t 1 + K 
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(15), 


miirs  X is  ths  equilibrium  constant  for  the  transformation  K t ■ -*  2.  Except  for  the 


second  tern  on  the  right-hand  side,  equation  (14)  is  identical  to  the  corresponding 
equation  for  a process  purely  controlled  by  diffusion  (equation  9). 

The  rate  constant  kf  can  be  determined  from  the  dependence  of  the  potential  at 
time  f/y  on  the  current  dsslty*  If  the  current  density  is  properly  adjusted,  the 
argument  of  the  error  function  in  (15)  for  t - t/^  is  larger  than  2,  and  the  poten- 
tial at  time  t/f  1*  (K  ^ lf  kt  ^ kb> 


’/S  yv 


= £ 


7^ 


f?T  ! zh  (*/*) 

ILF  yj.  'A 


(16). 


Sine*  t is  inversely  proportional  to  the  current  density  (equation  7),  the 
potential  is  & linear  function  of  the  logarithm  of  the  current  density. 

The  value  of  is  computed  froa  the  slope  of  the  line  Et_  ^ versua  In  i<». 


FIRST  CEDES  CATALYTIC  PROCESSES 


Because  of  regeneration  of  substance  0*  the  transition  time  for  process  (3)  is 
larger  than  in  the  ab&once  of  any  catalytic  effect.  The  transition  time  can  again 
be  calculated  from  the  condition  (cq)x„0  11  0.  The  concentrations  and  c^  are 
solutions  of  Pick' 8 equation  in  which  kinetic  terms  are  introduced.  The  first 
boundary  condition  expresses  that  the  flux  of  this  substance  at  the  electrode  sur- 
face is  constant  (equation  5) ° The  second  boundary  condition  is  derived  by  noting 
that  the  sum  of  the  fluxes  of  substances  0 and  R at  x-o  is  equal  to  zero.  Thus, 

( ^ *8  / ^ - - i0  / n F D,  if  Dq  and  Dg  are  equal.  The  initial  conditions 

ares  Cq  ■ W , Cg  - 0.  One  has  also  cQ  »c*  and  cR for  x — » oo . The 

solution  of  this  boundary  value  problem  yields  (k,  k^) 


(17), 


where  is  the  transition  time,  the  transition  time  in  the  absence  of  any 
catalytic  process. 

The  rats  constant  k^  can  be  calculated  provided  that  the  transition  times 
and  are  known.  The  time  can  be  measured,  and  can  be  calculated 
(equation  7),  The  value  of  the  function  on  the  right-hand  side  of  (17)  is  thus 
known,  and  the  corresponding  argument  kr  - i.e.  kr  since  fc^_  is  known  - is 
readily  determined  from  a table  of  values  of  the  function  in  equation  (17)* 

The  functions  on  the  right-hand  of  equation  (17)  becomes  infinite  when 
(kf  tg.  i approaches  zero.  Since  fcc  dscreases  Mien  the  current  density  is 


increased;  the  ratio  C,  / approaches  unity  at  large  current  densities.  This 

trend  in  the  variations  of  < / with  current  density  was  observed  in  the 
catalytic  reduction  of  titanium  (IV)  in  presence  of  hydroxylamine  (Fig. 2)  °.  The 
oxidation  of  titanium  (III)  by  hydroxylaaine,  whose  kinetics  was  studied  by  polar- 

I o 

ographic  and  conventional  chemical  methods  by  Blazek  and  Koryta  f is  of  the  first 
order  with  respect  to  titanium  (III)  when  a large  excess  of  hydroxylaaine  is 
present.  Hydro xylaaln e is  reduced  with  the  production  of  NH2  radical  as  was  demon- 
strated by  Brans  and  co-workers' 3.  These  radicals  react  with  oxalic  acid'2  in  the 
experimental  conditions  under  which  the  data  of  Fig. 2 were  obtained.  The  value 

kj.  ■ 30  lit  .mol.  ^ sec.  for  30*  was  obtained  by  application  of  the  above  tre«t- 

-1  -1 

oent.  This  value  is  appreciably  smaller  than  the  one  (kf  * 42  lit. mol.  sec. 

for  25*)  reported  by  Blassk  and  Koryta.  this  discrepancy  probably  results  from  the 
error  made  in  the  determination  of  transition  times  on  account  of  the  pocr  defini- 
tion of  the  transition  time  (we  repeated  the  polarographic  determinations  of 
Blazek  and  Koryta  and  confirmed  their  results). 


SXPE&IM&NTAL 


The  apparatus  for  volta*»etry  at  constant  current  comprises  three  essential 
elements:  the  electrolytic  cell;  the  constant  current  power  supply,  and  the  po- 

tential-timr  curve  recorder.  Electrolytic  cells  generally  have  three  electrodes: 
the  wonting  electrode  (er),  the  reference  electrode  (e2),  and  the  auxiliary  elec- 
trode (05).  Electrode  S|  and  e3  are  connected  to  the  constant  current  power 
supply,  while  et  and  e2  are  connected  to  the  voltage  recorder.  The  working  elec- 
trode may  be  a solid  (platinum)  electrode,  a mercury  pool  electrode,  or  a dropping 
mercury  electrode.  Mercury  electrodes  are  particularly  useful  because  of  the 
possibility  of  exploring  a wide  range  of  potentials.  A call  with  mercury  pool 
electrode  is  schematically  represent ad  in  Fig. 3.  Various  types  of  cell  were 


designed,  and  it  was  finally  concluded  that  the  cell  of  Fig. 3 gives  the  most 


reliable  results.  The  main  difficulty  with  mercury  pool  electrodes  is  the  relative- 
ly poor  reproducibility  of  the  electrode  area.  There  are  two  main  causes  cf  error 
in  consecutive  determinations:  (1)  Creeping  of  solution  between  mercury  and  the 

wall  of  the  mercury  cup;  (2)  Variations  in  the  diameter  of  the  mercury  cup.  These 
causes  of  error  are  greatly  minimized  in  the  cell  of  Fig. 3 where  the  cup  - carefully 
machined  on  the  lathe  - is  made  of  a plastic  (Lucite)  which  is  not  wetted  by  water. 
The  cup  fits  a ground  glass  joint.  Mr.  Mam  an  to  v has  verified  in  a series  of 
determinations  that  the  area  is  reproducible  with  a maximum  deviation  of  ± 1.2  per 
cent  and  with  an  average  deviation  of  ♦ 0.4  per  cent.  The  auxiliary  electrode  in 
the  cell  of  Fig. 3 is  a platinum  electrode,  and  the  reference  electrode  is  a saturated 
calomel  electrode  of  the  "industrial  type”  which  is  available  from  pH  meter  manu- 
facturers. The  reference  electrode  is  placed  in  a sleeve  whose  tip  is  very  close 
(lees  than  1 mm.)  to  the  mercury  surface.  The  error  on  the  potential,  which  is 
caused  by  the  ohmic  drop  between  electrodes  S|  and  e2  is  thsn  virtually  eliminated. 
Nitrogen  is  bubbled  through  the  solution  when  the  electrolyte  must  be  freed  from 
dissolved  oxygen  before  electrolysis. 

The  general  layout  of  the  apparatus  is  shown  in  Fig. 4.  The  cell,  in  series 
with  resistances  R|  and  R2,  is  connected  to  a power  supply  PS  having  an  output 
voltage  of  200-300  volts.  The  current,  which  is  virtually  controlled  by  the  ohmic 
drop  in  resistance  R|,  remains  almost  constant  during  electrolysis  under  these 
conditions.  A power  supply  with  electronic  regulation  of  current  can,  of  course, be 
used.  The  current  intensity  is  determined  by  measuring  the  ohmic  drop  in  resist- 
ance Ha  with  potentiometer  F| . The  voltage  across  electrodes  S|  and  ©2  i®  applied 
to  a pen-and-ink  recorder  having  a fast  response  (1  sec.  for  full  scale  deflection) 
and  a high  chart  speed  (480  inches  per  hour).  A potentiometer  ?2  1®  inserted  in 
the  input  circuit  of  the  recorder  to  compensate  any  fraction  of  the  voltage  applied 
to  the  recorder. 

The  dropping  mercury  electrode  can  be  utilized  but  potential- time  curves  must 
be  recorded  in  a Kail  fraction  of  the  drop  life;  the  mass  transfer  process  can 
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results  are  obtained  by  synchronizing  the  recording  process  with  the  fall  of  the 
drop.  The  following  method  utilized  by  Gierat  and  Juliard6  gives  reliable  results 
as  we  have  verified.  The  mercury  drop  is  dislodged  by  a magnetic  hammer  H whose 
operation  is  controlled  by  switch  S (Fig. 5).  This  type  of  mechaaical  device  for 
controlling  the  operation  of  the  dropping  mercury  electrode  has  been  used  by 
various  authors'*.  The  closing  cf  switch  S also  activates  the  time  relay  RL,  which, 
after  a given  time,  closes  the  electrolysis  circuit  and  activates  the  driven  sweep 
of  a cathode-ray  oscillograph.  The  voltage  across  the  working  and  reference  elec- 
trodes is  applied  to  the  vertical  deflection  amplifier  of  the  oscillograph. 


APPLICATIONS  AND  COMPARISON  WITH  POLARGRAPHY 


Kinetic  and  catalytic  processes  can  also  be  studied  by  polarography,  and  it  is 
of  interest  to  compare  the  potentialities  of  the  latter  method  with  those  of  volt- 
ammetry at  constant  current  in  chemical  kinetics.  The  polarographic  study  of  these 
processes  is  largely  due  to  the  Czechoslovak  school  and,  in  particular,  to  Brdicka, 
Wiesner,  and  uOut «cky • Tbs  treatment  of  kinetic  processes  of  the  type  represented 
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diffusion  and  by  Koutecky* 6 for  diffusion  at  the  dropping  mercury  electrode.  The 
t’MVVij'  cf  polarc graphic  waves  corresponding  to  process  (2)  has  not  been  reported 
thus  far,  although  Kern17  developed  an  approximate,  treatment  based  on  the  concept 
of  reaction  layer  and  Kivalo**  recently  announced  the  publication  of  a theoretical 
analysis  of  this  type  of  process.  The  treatment  of  catalytic  processes  (equation 
3)  was  developed  independently  by  several  investigators  for  conditions  of  linear 
diffusion19,  and  Koutecky  treated  the  case  of  the  droppix^  mercury  electrode20. 


KINETIC  PROCESSES  HBFHBSfflTKD  BY  S3JATI0H  (1). 

In  this  case,  the  potentialities  of  voltammetry  at  constant  current  are 
perhaps  greater  than  in  polarography  far  tac  reasons:  (1)  Platinum  as  well  i 


mercury  electrodes  can  oe  ut3iizea,  wnxxe  ojixy  mercury  excui.rijue»  van  ye  uswu  xu 
polarographyj  (2)  Processes,  which  yield  a diffusion  current  which  obeys  the 
Ilkovic  equation,  nay  still  exhibit  the  characteristics  of  a kinetic  process  in 
voltammetry  at  constant  current.  The  latter  point  requires  a few  comments. 
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The  Ilkovic  equation  is  essentially  applicable  when  the  quantity  (k^.  K T) 
is  larger  than  10  (t  drop  time).  Since  t is  of  the  order  of  4 seconds  and 
K » / k^,  the  foregoing  conclusion  expresses  that  the  transformation  2 to  0 is 

too  rapid  to  cause  any  major  departure  from  the  Ilkovic  equation  when  the  quantity 
K is  larger  than  5 sec.”'/*.  In  voltammetry  at  constant  current  the  situation 

is  more  favorable  as  one  can  ascertain  by  writing  equation  (13)  under  the  modified 


v- 

where  is  the  transition  time  which  would  be  observed  if  the  transformation  Z to 


0 were  so  rapid  as  to  preclude  any  kinetic  effect.  Squation  (18)  is  written  for  the 
case  in  which  the  current  density  is  so  low  to  allow  one  to  assume  that  the  error 
function  in  equation  (13)  is  equal  to  unity.  The  shortest  transition  time,  which 
can  be  observed  without  excessive  distortion  of  potential- time  curves  by  the  charg- 
ing of  the  double  layer,  is  of  the  order  of  1 millisecond6.  The  precision  of  the 
measurements  is  such  that  a 10  per  cent  decrease  in  transition  time  can  be  detected 
as  the  current  density  is  varied  from  aero  to  its  value  corresponding  to  a 1 milli- 
second transition  time.  Hence,  it  follows  from  (18)  that  a kinetic  affect  can  be 
detected  when  the  quantity  K k^*/*  i*  smaller  than  500  sec.”'/*.  This  compares 

-1  /a 

favorably  with  the  value  of  5 sec.  for  polarography.  These  considerations  are 
borne  out  experimentally  (see  below). 

The  reactions  corresponding  to  process  (1)  and  which  have  been  studied  thus 
far  are  not  numerous.  A typical  case  is  the  reduction  of  various  aldoses  (dex- 
trose, manose,  etc.)  which  exist  predominantly  in  solution  as  a nonreducible 


kinetic  process22;  the  nonreducible  fora  is  the  hydrated  aldehyde.  The  most  ex- 
tensively studied  kinetic  process  of  the  type  represented  by  equation  (1)  is  the 
reduction  of  weak  acids  whose  anions  are  reduced  at  more  cathodic  potentials  than 
the  corresponding  undissociated  acid.  The  recombination  of  the  anion  and  hydrogmi 
ion  correspond^  then  to  the  transformation  Z to  0 of  equation  (1).  This  recombi- 
nation process  is  of  the  first  order  when  the  solution  is  well  buffered.  Pyruvic 
acid  is  one  of  the  several  acids  which  have  been  investigated1 50  These  various 
studies  were  all  made  by  polarography,  and  the  application  of  voltammetry  at  con- 
stant current  would  add  nothing  to  the  information  already  available. 

Another  type  of  reaction,  which  has  not  - and  in  many  cases  could  not  - be 
studied  by  polarography,  is  the  transformation  certain  complex  ions  must  undergo 
before  electrolytic  reduction  or  oxidation.  Kinetic  effects  in  the  reduction  of 
complex  ions  were  first  reported  by  Gierst  and  Juliard6,  and  further  investigation 
has  been  made  by  Berzins7  and  Mamantov  in  the  author's  laboratory,  Kxamples  of 
plots  of  ( ^ )'/*  versus  current  are  given  in  Fig. 6 for  the  reduction  of 

various  complexes;  these  data  were  gathered  by  Hr.  Mamantov.  The  decrease  in 
( ^ )*^2  with  increasing  current  density  is  quite  pronounced  except  for  the 

reduction  of  sine  tetrwgaina  ion  (line  1).  Application  of  the  foregoing  theo- 
retical treatment  cannot  easily  be  made  because  the  equilibrium  constant  for  the 
chemical  step  (equation  1)  preceding  electron  transfer  is  not  known.  Furthermore, 
the  chemical  reaction  may  involve  several  steps  whose  kinetics  must  be  taken  into 
account.  However,  it  is  not  unwise  to  conclude  from  the  data  of  Fig. 6 that 
electron  transfer  is  preceded  by  a chemical  transformation  in  the  case  of  certain 
complexes.  The  opposite  conclusion  is  also  valid,  for  example  in  the  case  of 
copper- ethylenediaaine  complex  ions  (mainly  Cu(en)a++;  the  ration  ( ) , ? 

for  the  reduction  of  these  complex  ions  is  independent  of  current  density7.  If 
the  occurrence  of  a chemical  process  is  postulated,  it  must  be  concluded  that  the 
rate  constant  k^  for  this  reaction  is  unreasonably  high  (1026  sec."^).  The  cal- 
culation of  k^  is  very  a'-vroximate,  but  it  indicates  that  no  purely  chemical  step 


Ions  are  not  apparent  to  the  author,  hut  voltammetry  at  constant  current  might  be 
a tool  in  the  st"'!/  of  the  rapid  chemical  transformation  which  certain  complex  ions 
undergo  before  electron  transfer. 

PROCESSES  REPRESENTED  BY  EQUATION  (2). 

Polarographic  evidence  for  existence  of  process  (2)  has  only  been  reported 
in  two  cases  to  the  author’s  knowledge,  namely  in  the  oxidation83  of  hydioxychromans 
and  hydroxycoumarans  and  1-ascorbic  acid.  Quite  a few  cases  may  be  encountered  in 
the  electrolysis  of  organic  substances,  but  no  experimental  data  are  available  at 
the  present. 

PROCESSES  REPRESENTED  BY  EQUATION  (3). 

The  occurrence  of  catalytic  processes  represented  by  equation  (3)  requires 
fulfillment  of  conditions  vhich  are  often  not  satisfied.  Thus,  the  transformation 
of  R to  0 may  be  a dismutation  as  in  the  reduction  of  uranium  (VI)2*.  However,  the 
chemical  process  (the  disputation)  is  then  of  the  second  order.  Substance  R may  be 
reoxidized  to  0 by  a third  substance  Z,  but  the  following  conditions  must  be  satis- 
fied to  enable  one  to  apply  the  theoretical  analysis  developed  above  or  the 
corresponding  treatment  in  polarography : (1)  Substance  Z must  not  be  reduced  or 

oxidised  at  the  potentials  at  which  substance  0 is  reduced;  (2)  The  reaction 
R ♦ Z » 0 must  be  of  the  first  order  with  respect  to  R;  (3)  A large  excess  of  Z 
must  be  present  in  the  electrolyzed  solution  to  render  negligible  the  concentra- 
tion polarization  of  Z at  the  electrode  surface.  Only  condition  (3)  is  easy  to 
fulfill.  Catalytic  processes  have  been  studied  by  polarography  in  the  case  of  the 
reduction  of  various  substances  - for  example  ferric  ion25  - in  presence  of  hydro- 
gen peroxide.  This  is  because  hydrogen  peroxide  is  a fairly  good  oxidising  agent 
whose  electrolytic  reduction  involves  a very  large  overvoltage  (of  the  order  of  2 
volts  at  current  densities  used  in  polarography).  Other  catalytic  processes  have 


been  observed  in  the  polarographic  reduction  of  various  substances  in  presence  or 
hydro rylamin*: 2 , perchloric  acid26,  and  concentrated  sulfuric  acid2?.  This  natter 
has  been  reviewed  by  Kolthoff  and  Lingane  and  by  Delahay1 2 3 * 5®. 

The  only  advantage  of  voltammetry  at  constant  current  over  polarography  in 
the  study  of  catalytic  processes  is  the  possibility  of  using  a platinun  working 
electrode:  processes  which  occur  at  potentials  at  which  mercury  is  oxidized  might 

still  be  studied. 

In  conclusion,  the  applications  of  voltammetry  at  constant  current  and 
polarography  in  chemical  kinetics  are  rather  limited  if  one  excludes  studies  in 
which  these  methods  are  utilized  purely  as  an  analytical  tool.  Only  first  order 
processes  can  be  interpreted  rigorously  because  the  theoretical  analysis  of  re- 
actions of  a higher  order  requires  the  solution  of  nonlinear  differential  equations; 
the  mathematical  treatment  Involves  then  more  labor  (approximation  methods)  than  the 
problem  deserves.  However,  voltammetry  at  constant  current  and  polarography  can  be 
useful  in  chemical  kinetics  in  some  rather  specific  cases. 
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LIST  OF  FIGURES 

Fig.l.  Potential-time  curve  for  the  reduction  of  4 n M cadmium  ion  on  a mercury 
cathode;  supporting  electrolyte,.  1 M potassium  nitrate.  Increasing  time 
are  from  right  to  left. 
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Fig. 2.  Variations  of  ( £ / ) with  current  for  the  catalytic  reduction  of  1 m M 

tl  -anium  (XV)  in  presence  of  1.5  M hydroxylamine  and  0.2  M oxalic  acid. 
Electrode  area,  0.030  cm.2.  Temperature,  30*  ♦ 1. 

Fig, 3.  Cell  with  mercury  pool  electrode. 

Fig. 4.  Schematic  diagram  of  apparatus  - Electrolysis  with  mercury  pool  electrode. 

Fig. 5.  Schematic  diagram  of  apparatus  - Electrolysis  with  dropping  mercury 
electrode. 

Fig. 6.  Variations  of  ( with  current  for  the  reduction  of  complexes. 

Curve  1:  1 m M zinc,  2 M ammonium  hydroxide,  2 M aamonlum  chloride;  curve 
2:  1 m M cadmium,  1 M potassium  iodide,  1 M potassium  nitrate;  curve  3* 

1 m M nickel  (II),  1 M potassium  cyanide,  1 M potassium  nitrate;  curve  /+: 

2 m M cadmium,  0.5  M sodium  tartrate,  1 M sodium  nitrate;  curve  5,  1 m K 

cadmium,  0.1  H dipyridyl,  1 K potassium  nitrate.  Area  of  dropping  mercury 
electrode:  approximately  0.02  on,3. 
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